The phenomenon of electrical degradation in ZnO varistors was studied by application of high-intensity current pulses. A wave shape of 8X20 ,US and rectangular waves of 1 and 2 ms were used. The degradation was estimated by reference electric-field variation and by Schottky voltage barrier deformation. The results showed that current pulses reduce both the height and the width of the barrier voltage. It was also observed that the donor density Nd did not change but the surface states density N, decreased with degradation.
INTRODUCTION II. EXPERIMENTAL PROCEDURE
ZnO varistors are known for having a nonohmic behavior, low leakage current, and high-energy-absorption capacity. These characteristics allow these materials to be used as surge arresters; however, they can be degraded during use. A typical ZnO varistor microstructure includes semiconducting ZnO grains, BizOs-rich intergranular phases, and Zn,Sb,O,, spine1 phases. The barrier voltage is formed among several types of grain boundary where the most effective are the ZnO-ZnO homojunctions and B&O3 thin layer between ZnO grains. ' A coherent model to describe the conduction mechanism was proposed by Eda' in which Schottky-type barrier voltages are separated by an isolating film of finite width. The conduction mechanism through Schottky barriers could be due to thermionic emission from the ZnO grain conduction band to the isolating film conduction band. According to this model the current density J and electric field E are related by ZnO varistor samples of 22 mm height and 45 mm diameter were obtained by conventional processing, and their compositions are given in Table I. A current pulse generator (Haefely model E) of 50 kJ for a short width of 20 ps, and rising slope equal to 8 ps, i.e:, an impulse of 8 X20 ps, and a rectangular current pulse Haefely generator for a long-duration shot of 1 ms and amplitude of 75 A (1 ms/75 A) and 2 ms and amplitude of 150 A (2 ms/150 A), as shown schematically in Fig. 1 , were used in this work. The degradation was estimated by measuring the reference electric field at 0.05 mA/cm2 (Eo.os) as a function of the number of applied pulses and of the pulses energy. The Eo.os was measured before and after each pulse cycle in dc bias under forward biasing voltage. A cycle was defined by five applied pulses and between each cycle enough time was allowed to cool down the sample to room temperature.
where Jo is a constant, 4 the barrier voltage height (eV>, /3 a constant related to the barrier voltage width W, k is the Boltzman constant, and T is the absolute temperature WI.
To verify the effect of current pulses on the barrier voltage, 4 and W were determined before and after four cycles. To determine these parameters it was assumed that: (a) the barrier voltage is of Schottky type separated by an isolating film; (b) the conduction mechanism is by thermionic emission.
The barrier voltage of ZnO varistors can be electrically, chemically, and thermally degraded during use, leading to the reduction of I$ and consequently to the increase of leakage current, which could be catastrophic for surge arresters. The degradation of these barriers has been extensively studied3-5 but the effect of high-intensity current pulses on the degradation is not well known. Researches in degradation due to pulses&" do not explain the whole phenomenon that is of fundamental importance for ZnO varistor technology.
In the thermionic emission model, Eq. ( 1 ), the /3 constant is given by
where n is the number of ZnO grains in series in a sample of width L (cm), W is the barrier voltage width (nm), e is the electron charge, and e. and E, are the electric permittivities of the vacuum and material, respectively. Defining G as the, average ZnO grain sizes,
This work aims to study the effects of several current pulses with different intensities and shapes on the degradation of ZnO varistors. Barrier voltage height C$ and width W variation of ZnO varistor were analyzed by thermal activation. 
G values were determined by scanning electron microscopy (SEM) using the line intercept method, obtaining 13 A4 pm. A dispersive energy unit (EDS) attached to the SEM was used to analyze the distribution of dopants in the ZnO varistors microstructure. By plotting In J vs E"2 in Bq.
( 1) a straight line is obtained where the slope is P/kT. Therefore the barrier voltage width W can be determined by Bq. (2). The plot of In J vs l/T of Bq. ( 1) is a straight line with a slope equal to (4 -/?E1'2)/k. By using /3 values, 4 is determined. Both 4~and W values were carried out in a range of temperature from 60 to 100 "C! in a dc biasing test.
III. RESULTS AND DISCUSSIONS

A. Variation of reference electric field (E,&
The variation of Eo.os with the number of 500 A/cm2 applied pulses of 8 X 20 ps is shown in Fig. 2 . It is observed in this figure that there is a gradual reduction of Eo,os indicating that the leakage current is increasing." The discharge voltage at 500 A/cm2 (Esoo) for several applied pulses is shown in Table II . It is observed in this table that there is a little variation of Esoo after four cycles of applied pulses (about 2%). By analyzing the results of Fig. 2 and Table II it is seen that the current pulses are modifying the barrier voltage localized at grain boundary leading to its degradation, but with negligible modification in the electric properties of ZnO grains. Figure 3 shows the variation of Eo.os with the pulse energy, which is estimated by
0 where E is the pulse energy per resistence unit in A2 s, i is the electric current, and t is the time (s). Rectangular current pulses of 1 ms/75 A and 2 ms/150 A and impulses of 8 x 20 ,US were used. Analyzing Fig. 3 a linear behavior of E,/Eb with the In of pulses energy can be seen (E, is the Eo.os after the applied cycles and Eb is the Eo.os before the applied cycles). It is also observed in Fig. 3 that there is a limiting energy E. for degradation to start. Pulses with energy lower than that limit value do not cause degradation in the varistor. Thus, from Fig. 3 , the empirical equation
canbe proposed, where p is a constant that can be determined from the slope of the experimental curve of Fig. 3 . The value of p obtained in this case (0.044) is related to degradation mechanisms and is a good parameter to verify the varistor degradation resistance.
B. Barrier voltage degradation
In order to verify the current pulse effect on the barrier voltage $J and W were determined in samples before and after four cycles of shorts of 8 X20 ys of 250 and 500 A/cm'. Table III presents 
where N, is the surface state density (negative charges) and Nd is the donor density (positive charges). It is seen that the relative modification in N, and Nd can explain the variation in 4. The reduction of 4 can be promoted either by increasing Nd or decreasing N, Nd is related to I$ and W through the following equation:
where EC is the conduction-band minimum energy and EF is the Fermi energy. It is observed in Eq. (7) that only (EC -EF) is not known or measured in the varistor. This parameter was measured for a ZnO-Co0 system17 and its value is 0.30 eV. Figure 4 shows a typical microstructure of a ZnO varistor obtained by SEM. X-ray microanalysis obtained in this varistor shows that the main dopant in ZnO grains is cobalt; therefore, it seems to be appropriate to use this value for the ZnO varistor system. Thus, from these considerations, the Nd parameter was calculated for the varistor before and after application of shorts of 8 x 20 ,W of 250 and 500 A/cm2. Table IV presents data of the Nd parameter before and after pulse degradation. It is seen that Nd does not change significantly with the current pulse degradation. The surface state density N, is given by 
where Q, is the total charge trapped at the interface and can be determined by Q,=2 jaw Nd edx,
where x is the distance parameter that changes from 0 up to barrier voltage width W. By considering Nd independent of x, Qs=2Nd eW,
and then Ns=2NdW.
Equation (11) is the electric neutrality condition for the material. As Nd practically does not change, the reduction of the barrier width with degradation leads to a decrease in Nr Thus the phenomena of degradation promoted by current pulses are due to the decrease of N, i.e., the decrease in negative charges located at the ZnO grain boundary, which can be either zinc vacancies or adsorbed oxygen. The decrease of N, could be promoted by reactions between atomic defects with migration of positive charge dation depends on the number of applied current pulses. The variation of the reference electric field Eo.os due to the pulses energy is given by E,/Eb = 1 -p In E/E,, where E. is the limiting energy. Current pulses only degrade the barrier voltage but not the ZnO grains' electric properties. The experimental results suggest that the degradation is promoted by the decrease in N,, i.e., by decreasing the negative charges trapped at the ZnO grain boundaries.
